A graphene sheet biased with a drift electric current offers a tantalizing opportunity to attain unidirectional, backscattering-immune, and subwavelength light propagation, as proposed in [T. A. Morgado, M. G. Silveirinha, ACS Photonics 5(11), 4253 (2018)]. Here, we investigate in detail the impact of the intrinsic nonlocal response of graphene in the dispersion characteristics of the current-driven plasmons supported by single-layer and double-layer graphene systems. It is theoretically shown that even though the nonlocal effects weaken the spectral asymmetry of the plasmons dispersion, the studied platforms can support unidirectional backscattering-immune guided modes. Our analysis also confirms that the drift-current bias can effectively pump the graphene plasmons and enhance the propagation distance. Moreover, it is shown that the nonreciprocity and optical isolation can be boosted by pairing two drift-current biased graphene sheets due to the enhanced radiation drag by the drifting electrons.
I. INTRODUCTION
Reciprocity is a fundamental feature of conventional photonic systems stemming from the linearity and invariance of Maxwell's equations under time reversal symmetry [1] [2] [3] [4] .
Lorentz reciprocity implies that the transmission level between two points is the same independent of the propagation direction [2] [3] .
Nonreciprocal devices are, however, essential building blocks of many photonic systems. Typical nonreciprocal photonic devices rely on magneto-optical materials externally biased by a static magnetic field [5] . Curiously, some of these systems have nontrivial topological properties and support unidirectional backscattering-immune chiral edge states [6] [7] [8] [9] [10] [11] . As widely discussed in the recent literature, nonreciprocal "magnetic" solutions are not fully satisfactory, as the associated biasing circuit is bulky and the nonreciprocal responses of magneto-optical materials are relatively weak at terahertz and optical frequencies. Due to these reasons, there has been an increasing demand for magnetic-free nonreciprocal photonic components that can be straightforwardly incorporated in highly-integrated photonic circuits [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .
Recently, a novel route to achieve magnetic-free nonreciprocal subwavelength propagation in graphene that is compatible with modern highly-integrated nanophotonic technology was explored in Refs. [25] [26] [27] [28] [29] [30] . In particular, we theoretically demonstrated in [29] that a graphene sheet biased with a drift electric current may enable the unidirectional broadband propagation of surface plasmon polaritons (SPPs). Furthermore, we have also shown that the current-driven graphene plasmons are protected against backscattering from obstacles and imperfections, similar to the "oneway" topologically protected chiral edge modes supported by nonreciprocal topological photonic systems [6] [7] [8] [9] [10] [11] .
The impact of the bare nonlocal graphene response, i.e., the dependence of the conductivity on the wave vector, in the dispersion of the current-driven graphene plasmons was only superficially analyzed in Ref. [29] . However, nonlocal effects may critically affect the propagation of the graphene plasmons, especially for highly confined SPPs with large wavevectors approaching the Fermi wavenumber ( )
µ is the chemical potential, F v the Fermi velocity, and  is the reduced Planck constant) [31] . In this article, we study in detail the impact of the nonlocal effects in the dispersion characteristics of the current-driven SPPs not only in single-layer graphene (SLG) systems, but also in double-layer graphene (DLG) systems.
The motivation to consider a DLG configuration is to examine whether the nonreciprocal effects can be enhanced by having an additional drift-current biased graphene sheet. It is shown -with the nonlocal effects fully taken into account -that for sufficiently large drift velocities the drift current can effectively drag the SPPs, leading to a "one-way" propagation with enhanced propagation lengths both in SLG and DLG systems. Moreover, we show that the nonreciprocity and optical isolation in DLG systems may be indeed boosted as compared to the SLG configuration. These results confirm thereby the exciting potentials of the drift-current biased graphene platforms in nanophotonics.
This paper is organized as follows. In Sec. II the nonlocal conductivity of the driftcurrent biased graphene is reviewed and discussed. In Sec. III, we analyze in detail the influence of the nonlocal effects on the dispersion of the current-driven graphene plasmons supported by a single-layer graphene system. In Sec. IV, we investigate the dispersion properties of the current-driven SPPs in a double-layer graphene system. The conclusions are drawn in Sec. V.
II. NONLOCAL CONDUCTIVITY OF THE DRIFT-CURRENT BIASED

GRAPHENE
The nonlocal response of graphene can be characterized using the random-phase approximation (RPA) [32] [33] [34] , which yields an analytical expression for the surface conductivity of graphene in the zero-temperature limit [32, [34] [35] . For a positive realvalued frequency ω and a real-valued transverse wave number is implicit, with ω being the oscillation frequency) [34] [35] : 
is the susceptibility and τ is the relaxation time. According to the Galilean-Doppler shift model developed in [36] [37] , when the graphene sheet is biased by a drift current the conductivity should be modified as
The drifting electrons travel along the x-direction with drift velocity 0 v [see Fig. 1 ], and it is implicit that the in-plane electric field is along x (longitudinal excitation). In the above,
is the Doppler-shifted frequency, x k is the wave number along x- ) approximation can be used to determine the graphene surface conductivity.
The chemical potential of the graphene sheet is taken equal to c 0.1 eV µ = , the collision time 170 fs τ = [28] , and it is supposed that the graphene sheet is surrounded by a dielectric with relative permittivity r,s 4 ε = (e.g., SiO 2 or h-BN). 
is the (bare) graphene conductivity determined by the standard local Kubo's formula [31, 34] .
For simplicity, the effect of collisions is ignored so that τ → ∞ . The conductivity is evaluated for ω and x k real-valued. As seen in Fig. 3(a 
III. PLASMONS IN A DRIFT-CURRENT BIASED GRAPHENE SHEET
The dispersion characteristic of the transverse magnetic (TM) current-driven graphene SPPs in a single-layer graphene system ( Fig. 1 ) is given by [29] [30] [31] ( )
where c is the speed of light in vacuum, and ( ) For 0 F 2 v v ≤ the SPP dispersion obtained with the nonlocal model predicts both positive and negative x k -solutions for a given frequency [see Fig. 4 (a)(i)]. Importantly, it turns out that the SPPs that propagate along the x − direction are much more attenuated than the SPPs that propagate along the x + direction, even when the nonlocal effects are considered [see Fig. 4(b) ]. Thus, regimes of effective unidirectional propagation may be attainable when 0 v is significantly lower than F v , as discussed in greater detail below.
To further characterize the current-driven graphene plasmons, we calculated the SPP So far, our analysis was based on the conductivity model (3), where the effect of the drift current is determined by a Galilean Doppler shift. Different models for the graphene conductivity were introduced by other authors [25] [26] [27] [28] . In particular, several works characterized the graphene conductivity using a skewed Fermi distribution in the Lindhard formula, which leads to a conductivity that is approximately determined by a relativistic-type Doppler shift transformation. The corresponding conductivity is given by:
, and
Lorentz factor. In a single band approximation, the above conductivity formula captures well the main features of the conductivity models proposed in Refs. [26] [27] [28] (for more details see [37] and Appendix C). The nonreciprocal response of graphene arises mainly due to the intraband transitions. This is confirmed by Fig. 5(a) , where we plot the SPP dispersion for 0 F 2 v v = , calculated using the Galilean Doppler-shift model with the (bare) graphene conductivity given by Eq.
[C2] (orange dashed line); this model only takes into account the intraband light-matter interactions. As seen, the calculated dispersion is nearly coincident with the one obtained using the full (intraband + interband) response of graphene (solid blue line in Fig. 5(a) ); thus, the interband conductivity term is of secondary importance.
Next, we consider a scenario wherein a linearly polarized emitter placed in the immediate vicinity of the graphene sheet (i.e., in the near-field region) is used to excite the graphene plasmons [see the top panel of Fig. 6(a) ]. The SPP fields are calculated with the same formalism as in Ref. [29] , but now using the nonlocal conductivity given We also studied a configuration in which an obstacle partially blocks the propagation path [see the top panel of Fig. 6(b) ]. The obstacle is modeled as a thin metallic strip . Qualitatively similar results were reported in Ref. [29] but relying on the local model approximation. 
IV. PLASMONS IN A DRIFT-CURRENT BIASED DOUBLE-LAYER
GRAPHENE SYSTEM
One may wonder if by adding an additional drift-current biased graphene layer to the system it may be possible to enhance the drag of radiation by the drifting electrons. To investigate this problem, next we study the propagation of the current-driven SPPs supported by a double-layer graphene (DLG) system [see Fig. 8(a) ]. The dispersion equation for the TM SPPs in this system can be written as [31] 
where d is the distance between the two graphene sheets, and
The two graphene sheets are simultaneously biased with the same drift current and with the same chemical potential ( c 0.1 eV µ =
).
The calculated dispersion characteristic for a distance 5 nm d = and different drift velocities is shown in Fig. 8(b) . As expected, two hybridized SPP modes arise in this Furthermore, as seen in Fig. 8(d) the propagation length of the optical SPP of the DLG configuration is greater than for the SLG configuration up to frequencies on the order of 25 THz. These results suggest that the additional drift-current biased graphene sheet can enable a stronger nonreciprocity and better optical isolation, if the DLG system can be operated using the optical SPP.
V. CONCLUSIONS
In conclusion, we theoretically studied the impact of the spatial dispersion of the bare graphene conductivity on the propagation of current-driven graphene plasmons in single-layer and double-layer graphene systems. It was shown that even though on the overall the nonlocality weakens the nonreciprocal effects, the drift-current bias remains a rather exciting solution to obtain one-way propagation and a one-atom thick "isolator". Interestingly, we have shown that the nonreciprocity strength and isolation level can be higher in a system formed by two drift-current biased graphene sheets, due to the additional drag provided by the drifting electrons of the second graphene layer.
Furthermore, it was demonstrated that the drift-current biasing may strongly suppress the backscattering caused by an obstacle placed along the propagation path of the graphene SPPs and may boost the propagation length of the graphene plasmons. The drift-current biased graphene may be, therefore, a very attractive tunable nonreciprocal platform for highly-integrated nanophotonic circuits. 
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APPENDIX A: ANALYTICAL CONTINUATION OF THE NONLOCAL
CONDUCTIVITY FORMULA
In this Appendix, we extend the nonlocal zero-temperature conductivity formula (1) reported in [34] [35] , other cases 
with ( ) ( )
The square root and the logarithmic functions are again the standard ones, with branch cuts in the negative real-axis (note that due to this reason, in general 
where the term "…" has a time variation of the type 2 
APPENDIX C: RELATIVISTIC DOPPLER SHIFT MODEL OF THE
GRAPHENE CONDUCTIVITY
The nonlocal polarizability of a drift-current biased graphene sheet was derived in Ref. 
